ABSTRACT The essential histone chaperone FACT plays a critical role in DNA replication, repair, and transcription, primarily by binding to histone H2A-H2B dimers and regulating their assembly into nucleosomes. While FACT histone chaperone activity has been extensively studied, the exact nature of the H2A and H2B residues important for FACT binding remains controversial. In this study, we characterized the functions of residues in the histone H2A and H2B acidic patch, which is important for binding many chromatinassociated factors. We found that mutations in essential acidic patch residues cause a defect in histone occupancy in yeast, even though most of these histone mutants are expressed normally in yeast and form stable nucleosomes in vitro. Instead, we show that two acidic patch residues, H2B L109 and H2A E57, are important for histone binding to FACT in vivo. We systematically screened mutants in other H2A and H2B residues previously suspected to be important for FACT binding and confirmed the importance of H2B M62 using an in-vivo FACT-binding assay. Furthermore, we show that, like deletion mutants in FACT subunits, an H2A E57 and H2B M62 double mutant is lethal in yeast. In summary, we show that residues in the nucleosome acidic patch promote histone occupancy and are important for FACT binding to H2A-H2B dimers in yeast.
UKARYOTIC DNA is assembled into nucleosomes by wrapping 147 bp of DNA around an octamer of histone proteins containing two H2A-H2B dimers and an H3-H4 tetramer (Luger et al. 1997) . Within the cell, nucleosome assembly (and disassembly) is greatly facilitated by the action of histone chaperone proteins (Das et al. 2010; Gurard-Levin et al. 2014) . Histone chaperones bind free histones to prevent the formation of nonspecific histone-DNA aggregates, and often deliver their bound histones to sites of active nucleosome assembly, such as at replication forks (Andrews et al. 2010; Burgess and Zhang 2013; Gurard-Levin et al. 2014) . Histone chaperones can also facilitate the nucleosome disassembly and reassembly associated with RNA polymerase transcription and DNA repair (Avvakumov et al. 2011);  however, for many histone chaperones, the molecular details of histone binding and chaperone activity are not fully understood.
FACT (facilitates chromatin transcription) is an essential histone H2A-H2B chaperone that is primarily implicated in nucleosome disassembly and reassembly during transcription, but also regulates nucleosome dynamics during DNA replication and the DNA damage response (Formosa 2012; Polo 2015) . FACT is comprised of two essential subunits: Spt16 and Pob3 (SSRP1 in mammalian cells), which are present in essentially all eukaryotes. FACT associates with nucleosomes in part through its DNA-binding HMG-box domain, located in the SSRP1 subunit in mammalian cells and in the nonessential accessory Nhp6 subunit in yeast (Allain et al. 1999; Orphanides et al. 1999; Formosa et al. 2001; Masse et al. 2002; Winkler et al. 2011) . FACT also binds histone proteins, particularly histones H2A and H2B, although the exact histone regions required for FACT binding are controversial (Hondele et al. 2013; Kemble et al. 2015) . A previous structural study suggested that a region in the H2B a1 helix is important for binding to the Spt16 middle domain (Hondele et al. 2013) . In contrast, a more recent study indicated that the Spt16 middle domain is not important for H2A and H2B binding, but instead the Spt16 and Pob3 acidic tails bind a small hydrophobic pocket associated with the H2B a2 helix (Kemble et al. 2015) . However, both of these binding targets are normally inaccessible for FACT binding in chromatin, as they are located at the histone-DNA binding interface of nucleosomes and are thus sterically occluded by the nucleosomal DNA.
While histone proteins have an overall positive charge to facilitate efficient binding to DNA, there is a region on the surface of the nucleosome deemed the "acidic patch" that is formed by multiple aspartic and glutamic acid residues in histone H2A and H2B (H2A E57, E62, D65, D91, E92, E93, and H2B E116), as well as other, nonacidic residues, including H2A Y58, H2A L66, and H2B L109. Notably, all the H2A and H2B residues essential for yeast survival (H2A Y58, E62, D91, and H2B L109) are located in the acidic patch, but their essential functions are unclear. The acidic patch serves as an important interface for internucleosome interactions, as it interacts with the H4 tail of the neighboring nucleosome (Luger et al. 1997; Kalashnikova et al. 2013; Wilkins et al. 2014) . Additionally, recent evidence shows the acidic patch is important for interactions with nonhistone proteins (Wyrick et al. 2012) , including regulator of chromosome condensation 1 (RCC1) (Makde et al. 2010) , the yeast silencing protein (Armache et al. 2011 ), IL-33 (Roussel et al. 2008 , HMGN2 (Kato et al. 2011) , polycomb repressive complex 1 (PRC1) (McGinty et al. 2014) , the SAGA histone deubiquitylating complex (Morgan et al. 2016) , and the Set8 histone methyltransferase (Girish et al. 2016) , as well as other proteins. However, it is unclear if the essential function of the acidic patch in yeast entails mediating interactions with these and other chromatin proteins.
In the course of characterizing the in-vivo functions of essential acidic patch residues in yeast, we discovered that essential acidic patch residues H2A D91 and H2B L109 are important for maintaining wild-type (WT) levels of histone occupancy. Importantly, this decrease in histone occupancy was not due to an intrinsic defect in nucleosome stability. Instead, co-immunoprecipitation (co-IP) assays indicate that acidic patch residues H2B L109 and H2A E57 are important for FACT binding to free H2A-H2B dimers in yeast, a conclusion that is corroborated by genetic analysis of these and other histone mutants.
Materials and Methods

Yeast strains and plasmids
Histonemutantplasmidswereconstructed from pJW500 (Hodges et al. 2015 ) using a modified version of the QuickChange protocol, and mutations were verified by DNA sequencing. Yeast strains containing viable histone mutants as the only histone copy were grown in YPD media; strains containing two histone plasmids were grown in double-selective SC media to maintain both plasmids. Isogenic WT strains were used as controls for all experiments. Yeast strain information can be found in Supplemental Material, Table S1 in File S1.
Yeast spotting
Indicated plates were spotted with 10-fold serial dilutions of yeast. The FLO8-HIS3 reporter strain was used as in Hodges et al. (2015) . Pictures were taken after incubation at 30°for 4 days (5-FOA; HU) or 7 days (FLO8-HIS3).
Yeast growth curve analysis
Growth curve analysis was performed as in Jin et al. (2007) and Hodges et al. (2015) . Briefly, plasmids containing WT or mutant histones were transformed into yeast containing WT histones under control of the Gal promoter and grown in media containing galactose. Cells were then switched to glucose media to shut down the WT histones. OD 600 measurements were taken at time points following the switch to glucose (time 0).
Chromatin IP
Chromatin IP (ChIP) experiments were conducted as described previously (Hodges et al. 2015) . Briefly, log-phase yeast culture was cross-linked using 1% formaldehyde at room temperature for 15 min followed by quenching with 0.125 M glycine. After cell lysis by bead beating, chromatin was sonicated using the Bioruptor (Diagenode) to fragments averaging 400-500 bp. Chromatin was immunoprecipitated using an anti-HA (Thermo) or anti-FLAG (Sigma Chemical, St. Louis, MO) antibody conjugated to magnetic beads (Invitrogen, Carlsbad, CA). After elution, samples were proteinase-K digested and cross-links were reversed at 65°over-night. DNA was purified with phenol and phenol/chloroform/ isoamyl alcohol and RNAse A digested before analysis by quantitative PCR (qPCR) using the ABI Fast 7500 qPCR system and EvaGreen reagents (Biotium). Detailed qPCR information, including primer sequences, can be found in the minimum information for publication of quantitative PCR experiments (MIQE) in Table S2 in File S1.
Co-IP
Co-IP analysis was conducted as in Mao et al. (2016) with some modifications, using Spt16-9xMyc or Nap1-9xMyc yeast strains. Briefly, 50 ml of yeast culture was collected, then resuspended in ice-cold co-IP lysis buffer [40 mM HEPES, pH 7.5, 0.1% Tween 20, 150-200 mM NaCl, 10% glycerol, 13 Protease Inhibitor Cocktail (Roche)]. Cells were lysed by bead beating, then, if applicable, whole-cell extracts were treated with 0.32 U/ml Pierce Universal Nuclease (Catalog number PI88700) for 30 min at 4°. The extract was centrifuged, and the soluble fraction was used for co-IP with anti-Myc beads (Thermo) overnight at 4°. After washing, proteins were eluted from the beads by boiling in 13 SDS-PAGE buffer. IP and input samples were analyzed by Western blot using antibodies against H2A (Active Motif), H2B (Active Motif), HA (Thermo), and c-Myc (9E10; Santa Cruz Biotechnologies). Blots were scanned using the Typhoon FLA 7000 (GE Healthcare) and analyzed using ImageQuant software. Graphs represent the mean and SD of at least three independent replicates; P-values were calculated using an unpaired t-test.
Data availability
Yeast strains are available upon request. The authors state that all data necessary for confirming the conclusions presented in the article are represented fully within the article.
Results
Phenotypic characterization of essential acidic patch residues in yeast It has been previously reported that residues H2A Y58, E62, D91, and H2B L109 in the acidic patch are essential for yeast survival, as alanine mutants in any of these residues were lethal in yeast (Matsubara et al. 2007; Nakanishi et al. 2008; Sakamoto et al. 2009 ), which we confirmed in our strain background (S288C; Figure 1A ). To investigate the essential functions of these acidic patch residues, we first analyzed the kinetics of growth arrest in yeast strains expressing acidic patch mutants using a galactose (Gal) shutdown system (Jin et al. 2007; Hodges et al. 2015) . In this experimental system, both WT and mutant histones are expressed on separate plasmids: one plasmid contains WT histones, with the histone H2A and H2B genes under the control of the GAL1-10 promoter; and the second plasmid contains either WT or mutant histones under control of their native promoters. In media containing galactose, histones from both plasmids are expressed; in glucose media, WT H2A and H2B expression is rapidly repressed, enabling us to characterize the kinetics of growth arrest for the lethal acidic patch mutants.
We analyzed the kinetics of growth arrest of yeast cells containing an empty vector (i.e., no H2A or H2B expression) or an H2A Loop1 deletion (H2A D39-42), which is expected to disrupt H2A folding and nucleosome assembly (Hodges et al. 2015) . Both control strains had a rapid growth arrest after the shift to glucose ( Figure 1B ), consistent with our previously published data (Hodges et al. 2015) . In contrast, a strain expressing WT H2A and H2B grew normally after the shift to glucose. Cells expressing mutants of essential acidic residues within the acidic patch (H2A E62A and D91A) had a rapid growth arrest following the shift to glucose, with arrest kinetics that mirrored those of the empty vector and H2A Loop1 deletion controls ( Figure 1B ). However, cells expressing mutants in essential uncharged residues (H2A Y58A and H2B L109A) had a delayed growth arrest following the switch to glucose ( Figure 1B ), continuing to grow for .10 hr. The essential acidic patch residues stratified into two distinct phenotypic classes: mutants in charged acidic patch residues (i.e., H2A E62 and D91) had a rapid and severe growth arrest, while mutants in uncharged acidic patch residues (i.e., H2A Y58 and H2B L109) had a delayed growth arrest.
Mutations in essential acidic patch residues cause defects in histone occupancy in yeast, but do not affect intrinsic nucleosome stability in vitro
The rapid and severe growth arrest of mutants in the charged acidic patch residues suggests that these acidic patch mutants affect histone expression, folding, or nucleosome assembly. To test this hypothesis, we first examined whether mutants in essential acidic patch residues altered histone expression. The acidic patch mutants were constructed in HA-tagged histone H2A or FLAG-tagged histone H2B, and coexpressed in yeast with untagged WT H2A-H2B to maintain cell viability. The presence of the tag on the mutant histone allowed for separation of the mutant and WT histones during PAGE and both were detected using histone-specific antibodies ( Figure S1 in File S1).
Western blot analysis indicated that the H2A E62A and H2B L109A mutants were expressed at similar levels as WT H2A and H2B ( Figure S1 in File S1). The expression levels of the H2A Y58A and D91A mutant histones appeared to be significantly reduced relative to WT using an anti-H2A antibody ( Figure S1A in File S1, top panel); however, when we used HA-specific antibodies to measure the expression, the HA-tagged H2A D91A mutant was expressed at normal levels ( Figure S1A in File S1, bottom panel). Based on these data, it appears that the D91A mutant does not affect H2A protein expression, but rather antibody recognition. This is in accordance with a previous study, which found that mutants in neighboring H2A residues (i.e., H2A E93A and H2A L94A) also had lower H2A signal by Western blot using the same anti-H2A antibody (Cucinotta et al. 2015) . In contrast, H2A Y58A could not be detected by Western blot using anti-H2A or anti-HA antibodies ( Figure S1A in File S1), suggesting this mutant is not stably expressed in yeast. Since H2A Y58 is phosphorylated in yeast and mammalian cells (Basnet et al. 2014) , we also measured the expression of H2A Y58 mutants that would eliminate or mimic Y58 phosphorylation (H2A Y58F and Y58E, respectively). Western blotting using anti-H2A and anti-HA antibodies revealed that the H2A Y58F mutant is expressed normally in yeast ( Figure S1A in File S1), while the H2A Y58E mutant protein level is decreased relative to WT H2A (Figure S1A in File S1), which may explain why the H2A Y58E mutant is lethal in yeast ( Figure 1A) .
We next examined histone occupancy in yeast using a twoplasmid system (Hodges et al. 2015; Mao et al. 2016) to measure histone occupancy of lethal acidic patch mutants. We selected one essential residue from each class, charged (H2A D91) and uncharged (H2B L109), for our analysis. An HA-tagged H2A D91A mutant was coexpressed with untagged WT H2A to maintain strain viability. ChIP analysis using an anti-HA antibody was used to specifically measure occupancy of the HA-H2A D91A mutant. Similar experiments were performed for the H2B L109A mutant, except H2B was FLAG-tagged.
We analyzed H2A or H2B occupancy by ChIP-qPCR using anti-HA or anti-FLAG antibody at four representative yeast loci: the 59 coding regions of GAL1 and PYK1, the coding region of PMA1, and promoter of ICS2 (Hodges et al. 2015) . HA-H2A occupancy for H2A D91A was significantly enriched relative to the untagged control at all four loci tested ( Figure 1C ), indicating that the H2A D91A mutant histone can be assembled into chromatin in vivo. However, the level of HA-H2A occupancy for the H2A D91A mutant was generally lower than the WT control (HA-H2A WT, Figure 1C ). ChIP analysis of FLAG-H2B L109A occupancy yielded similar results. FLAG-H2B occupancy for H2B L109A was enriched relative to the untagged control, but the level of FLAG-H2B L109A occupancy was approximately three-to fourfold lower than WT at all four loci tested ( Figure 1D ). In general, the H2B L109A mutant caused a somewhat greater decrease in histone occupancy than the H2A D91A mutant, particularly at the PYK1 locus. These results indicate that essential acidic patch residues in both classes (charged and uncharged side chains) are important for normal levels of histone occupancy in yeast.
Although these acidic patch residues are located on the solvent-exposed nucleosome surface, it is formally possible that the decrease in histone occupancy in vivo could reflect an intrinsic instability of nucleosomes containing mutants in essential acidic patch residues. Previous studies have shown that a quadruple acidic patch mutant (H2A E61A, E64A, D90A, and E92A in Xenopus; corresponding to H2A E62A, E65A, D91A, and E93A in yeast) formed stable nucleosomes in vitro (Kim et al. 2015) , indicating that essential, charged acidic patch residues do not significantly affect nucleosome stability. However, the effect of H2B L109 mutants on nucleosome stability has not been previously examined.
To characterize the effect of the H2B L109A mutant on nucleosome stability, we prepared nucleosomes from recombinant Xenopus histones containing the H2B L103A mutant (homologous to H2B L109A mutant in yeast). Nucleosome core particle (NCP) stability was compared by salt-induced dissociation monitored by a previously described protein-protein fuorescence resonance energy transfer (FRET) system (Hoch et al. 2007 ). This FRET system was designed to specifically report on the dissociation of the H2A-H2B dimers from the NCP; the FRET signal is largely insensitive to DNA breathing and does not report on interactions between the (H3-H4) 2 tetramer and DNA. The L103A mutation had a minor effect on the apparent cooperativity of dissociation of the heterodimers, suggesting that the hexasome (in which only one H2A-H2B dimer has dissociated) may be slightly destabilized relative to the WT NCP ( Figure S2 in File S1). However, the initial portion of the transition, reflecting dissociation of the first H2A-H2B dimer, was not affected by the mutation ( Figure S2 in File S1). In summary, these data indicate the H2B-L103A mutation has only minor effects on NCP stability in vitro, which cannot explain the defect in histone occupancy observed in vivo.
Acidic patch residues H2B L109 and H2A E57 are important for histone H2A and H2B binding to FACT Nucleosome assembly in vivo typically requires the activity of histone chaperone proteins. Since mutations of the essential acidic patch residues caused a defect in nucleosome occupancy, we tested whether these residues were important for binding to the H2A-H2B chaperones FACT and Nap1. We performed co-IP analysis using myc-tagged Nap1 or Spt16 HA-H2A or FLAG-H2B WT (black) or mutant (white) histones were coexpressed with WT untagged histones and immunoprecipitated using the corresponding anti-HA or anti-FLAG antibody. Untagged WT histones (gray) were used as a negative control. Data are shown as percent IP normalized to input whole-cell extracts. P-values were calculated for the represented triplicate experiment using an unpaired t-test. Mean 6 SD is depicted. * P # 0.05, ** P # 0.01, *** P # 0.001, and **** P # 0.0001.
(a subunit of FACT) from yeast whole-cell extract, following our published protocol (Mao et al. 2016) . Since relatively little DNA is present in the soluble whole-cell extract fraction used in these experiments (Mao et al. 2016) , the co-IP results presumably reflect Spt16 or Nap1 binding to soluble, free histones (e.g., H2A-H2B dimers). To analyze the binding of mutant acidic patch residues, we coexpressed a FLAG-or HA-tagged mutant histone with WT histones. The FLAG or HA tag causes a band shift detectable by Western blot using a histone-specific antibody to distinguish the mutant histone from untagged WT histone, which was coexpressed to maintain cell viability. The presence of WT histone also serves as an internal control, allowing for a direct comparison of binding between WT and mutant histones.
The co-IP data indicated that both Nap1 and Spt16 bound histone H2B (Figure 2 ), in accordance with previous results (e.g., Foltman et al. 2013; Mao et al. 2016) ; however, the H2B L109A mutant significantly decreased H2B binding to Spt16 (Figure 2, A and B) . In the Spt16 IP sample, the band corresponding to the FLAG-H2B L109A mutant had significantly lower intensity than the untagged WT H2B band (compare top and bottom bands in aH2B blot in lane 4 of Figure 2A ). In contrast, FLAG-H2B WT was co-immunoprecipitated with Spt16 at a similar level as untagged H2B WT (compare top and bottom bands in lane 5 of Figure 2A ). Quantification of replicate Spt16 IP samples indicated that, on average, FLAG-H2B L109A bound Spt16 approximately fourfold less than untagged WT H2B ( Figure 2B ; P , 0.05), and no difference in binding was observed between FLAG-H2B WT and untagged WT H2B. While H2B L109A significantly decreased H2B binding to Spt16, there was no significant difference in the amount of the FLAG-H2B L109A bound to Nap1 (compare top and bottom bands in lane 2 of Figure 2A ). These data indicate that H2B L109 residue is important for histone H2B binding to FACT but not Nap1 in vivo.
This analysis was somewhat complicated by the relatively low levels of histone binding to FACT in vivo. However, previous reports have shown that FACT binds strongly to histones released from chromatin by nuclease treatment prior to the co-IP step (Foltman et al. 2013; Mao et al. 2016) . Hence, we examined whether the H2B L109A mutant affected FACT binding under these conditions. As expected, we observed elevated histone binding to Spt16, but not Nap1, following nuclease treatment (data not shown). However, while overall H2B binding to Spt16 increased following nuclease treatment, the binding of the H2B L109A mutant to Spt16 remained significantly lower than WT under these conditions (compare top and bottom bands in aH2B blot in lane 2 of Figure 2C ). Analysis of replicate Spt16 IP samples indicated that binding of the H2B L109A mutant to Spt16 was about threefold lower than WT, even following nuclease treatment ( Figure 2E ; P , 0.05). Again, there was no significant difference in H2B L109A binding to Nap1 following nuclease treatment (Figure 2, D and E) . These data confirm that H2B L109 residue is important for histone binding to FACT, but not to Nap1.
While H2B L109 is important for FACT binding, our data indicate that mutants in other essential acidic patch residues did not significantly affect FACT binding to histone H2A and H2B. We observed no significant difference in the amount of Spt16-bound HA-H2A E62A or HA-H2A Y58F relative to the untagged H2A control or HA-H2A WT ( Figure S3 in File S1). Since H2A D91A affects recognition by the anti-H2A antibody, we analyzed H2A D91A using the HA antibody, which showed H2A D91A also binds FACT at WT levels ( Figure S3 in File S1).
A recent study (Cucinotta et al. 2015) reported that alanine mutants in nonessential acidic patch residues H2A E57 and H2A E93 decrease the recruitment of FACT to a number of actively transcribed genes in yeast. However, it is not Figure 2 H2B L109A mutant causes a defect in H2B binding to FACT. (A) Co-IP analysis using anti-myc beads of yeast whole-cell extracts containing myctagged Spt16 or Nap1. FLAG-tagged mutant histones were coexpressed with untagged WT histones and separated by Western blot. The anti-myc Western blot detects multiple bands (likely representing Spt16-myc degradation products), as observed previously (Mao et al. 2016) , because the lane is overloaded to detect the relatively low levels of soluble histones bound to Spt16. (B) Quantification of the percent IP of the tagged band relative to the untagged band. Graphs represent the mean and SEM of at least three independent replicates. (C-E) Nuclease treatment does not improve H2B L109A binding to (C) Spt16 or (D) Nap1. Cell extracts were treated with 0.32 U/ml Pierce universal nuclease prior to IP to release chromatin-bound histones and increase the soluble histone pool. (E) Quantification of the percent IP of the tagged band relative to the untagged band. Graphs represent the mean and SEM of at least three independent replicates. * P , 0.05.
known if decreased FACT recruitment is caused by the impaired FACT binding to these histone mutants. We measured binding of these mutant histones to Spt16 using our co-IP assay. As a control, we also tested H2A L86A, a nearby nonessential residue that, when mutated, enhances FACT recruitment to chromatin (Cucinotta et al. 2015) . To directly compare effects of essential and nonessential acidic patch residues, and to mitigate the slow-growth phenotype of the H2A E57A and L86A mutants (data not shown), we HA-tagged the mutant histone and coexpressed untagged WT H2A, as described above. Since H2A signal was relatively weak following co-IP of Spt16, we treated yeast whole-cell extracts with nuclease to release additional histones from the chromatin into the soluble fraction (see above).
The co-IP data indicated that the histone H2A E57A mutant severely decreased FACT binding to histone H2A (Figure 3 ). While WT H2A was efficiently immunoprecipitated with Spt16, HA-H2A E57A was nearly absent in the Spt16 IP samples (compare HA-H2A bands in lanes 2 and 3 in Figure 3A) . Quantification of replicate Spt16 IP samples confirmed that the H2A E57A mutant is not efficiently bound by Spt16 in the presence of untagged WT, even after normalizing for the somewhat lower levels of HA-H2A E57A in the input ( Figure  3B ; P , 0.01). In contrast, the H2A L86A mutant had only a marginal effect, if any, on Spt16 binding in this assay ( Figure  3) . Similar experiments were performed on the H2A E93A mutant, but we did not obtain consistent Spt16 co-IP data for this mutant (data not shown). In summary, these experiments indicate that two acidic patch residues, H2B L109 and H2A E57, are important for FACT binding to the H2A-H2B dimer.
Previously identified H2A-H2B target residues also affect FACT binding in vivo
We next used our co-IP assay to compare the effects on FACT binding of other established or hypothesized FACT-binding targets in H2A and H2B, based on recently published FACThistone crystal structures and in-vitro biochemical data (Hondele et al. 2013; Kemble et al. 2015) . These residues in yeast are H2A R78, H2B Y45 (identified in both studies), and H2B M62 (Kemble et al. 2015 ) (see Figure 4A) . One additional residue in Xenopus H2B (H2B I36) was also shown to be important for Spt16 binding (Hondele et al. 2013) , but this residue is not conserved in yeast (corresponds to yeast H2B S42). While H2A R78, H2B Y45, and H2B M62 were shown in these studies to be important for Spt16 binding in vitro (Hondele et al. 2013; Kemble et al. 2015) , it is not known to what extent they affect binding to FACT in vivo.
We tested the effects of H2A R78A, H2B Y45A, and H2B M62E mutants on FACT binding in yeast using our co-IP assay. The experimental design was similar as for the acidic patch residues, in that tagged H2A or H2B containing the indicated mutant was coexpressed with untagged WT H2A and H2B in yeast, and myc-tagged Spt16 was immunoprecipitated following nuclease treatment of yeast chromatin. The co-IP data indicated that the H2A R78A mutant had only a marginal effect, if any, on H2A binding to FACT (Figure 4 , B and C, and Figure S4 in File S1). A previous study indicated that the H2A R78E mutant had a more severe Spt16 binding defect than the H2A R78A mutant in vitro (Kemble et al. 2015) . We constructed a yeast strain containing the H2A R78E mutant, but found that it is lethal in yeast ( Figure S5A in File S1) and does not express well by Western blot even when coexpressed with WT H2A ( Figure S5B in File S1), suggesting this mutation affects histone expression or stability in yeast. While the H2A R78A mutant had only a marginal effect on binding to FACT, our co-IP data indicate that this mutant significantly decreased H2A binding to Nap1 ( Figure S4 in File S1). Hence, our data suggest that H2A R78 is largely dispensable for binding to FACT, but is required for binding to Nap1.
The H2B M62E mutant significantly decreased H2B binding to FACT (Figure 4, D and E) . There was significantly less FLAG-H2B M62E mutant immunoprecipitated with Spt16 than either untagged WT H2B or FLAG-H2B WT ( Figure  4D ). Quantification of replicate experiments revealed that H2B binding to Spt16 decreased at least fourfold in the H2B M62E mutant relative to WT ( Figure 4E ; P , 0.01). We also observed a marginal decrease in H2B binding to Spt16 in the H2B Y45A mutant (Figure 4, D and E) . The defect in H2B binding to Spt16 was much greater in magnitude with H2B M62E relative to H2B Y45A, which is consistent with results from in-vitro binding studies (Kemble et al. 2015) . Neither H2B Y45A nor H2B M62E significantly affected H2B binding to Nap1 when these mutants were expressed as the sole H2B copy in yeast ( Figure S6 , A and B, in File S1). A comparison of the Spt16 binding data indicated that mutants in acidic patch residues H2B L109A and E57A caused a roughly Figure 3 The acidic patch residue H2A E57 is important for binding FACT. (A) Co-IP analysis using anti-myc beads of nuclease-treated whole-cell extracts containing Spt16-myc and HA-tagged WT or indicated mutant histones. Untagged WT histones are coexpressed. (B) Quantification of the percent IP of the tagged band relative to the untagged band. Graphs represent the mean and SEM of at least three independent replicates. ** P , 0.01. similar defect in H2A-H2B binding to FACT as H2B M62E and Y45A (previously identified binding targets), with H2A E57A and H2B M62E having the greatest effect on FACT binding.
Histone residues important for FACT binding have phenotypes similar to FACT mutants While Spt16 and Pob3 are essential for yeast viability, partial loss-of-function mutants in these FACT subunits have been previously shown to be sensitive to the replication inhibitor hydroxyurea (HU) and to induce cryptic transcription in FLO8 and other yeast genes (Kaplan et al. 2003; Cheung et al. 2008; Formosa 2012) . We tested whether histone residues important for FACT binding in vivo had similar mutant phenotypes in yeast. Our data indicate that the H2B Y45A, M62E, and H2A E57A single mutants were sensitive to HU ( Figure 5A ), consistent with previous reports (Matsubara et al. 2007; Kemble et al. 2015) . To characterize the effects of these mutants on FLO8 cryptic transcription, we used a FLO8::HIS3 reporter gene, in which the HIS3 ORF was inserted downstream of the FLO8 cryptic internal promoter (Cheung et al. 2008; Hodges et al. 2015) . The WT strain was unable to grow on media lacking histidine (SC-His; Figure  5B ), indicating that cryptic transcription of FLO8::HIS3 reporter was repressed. In contrast, H2B Y45A, M62E, or H2A E57A mutants showed enhanced growth on SC-His media ( Figure 5B ), indicating that these mutants induced FLO8 cryptic transcription.
Our co-IP data indicate that H2A E57 and H2B M62 are important for FACT to bind free H2A-H2B dimers in vivo, as FACT binding to histone H2A and H2B was greatly diminished in these mutants relative to WT histones. However, unlike Spt16 or Pob3, these histone residues are not essential for yeast viability, likely because there is still considerable histone binding to FACT when the H2A E57A or H2B M62E mutants are expressed as the sole histone copy in yeast (i.e., in the absence of untagged WT histone; Figure S6 , C and D, in File S1 and data not shown). We hypothesized that combining mutants in H2A E57 and H2B M62 might cause lethality in yeast by eliminating this residual FACT binding. Analysis of an H2A E57A H2B M62E double mutant indicated that it was lethal in yeast ( Figure 5C ), consistent with the hypothesis that these residues have redundant functions in FACT binding ( Figure 5D ).
Discussion
The FACT histone chaperone is essential for nucleosome assembly and disassembly in eukaryotic cells, in part through Co-IP analysis using anti-myc beads of yeast whole-cell extracts containing myc-tagged Spt16 and FLAG-tagged WT H2B, H2B M62E, or H2B Y45A mutant histones coexpressed with untagged WT histones. (E) Quantification of the percent IP of the tagged band relative to the untagged band. Graphs represent the mean and SEM of at least three independent replicates. ** P , 0.01.
its interactions with histones H2A and H2B. However, the molecular mechanism by which FACT binds H2A and H2B and the histone residues important for FACT binding are not fully understood. While the nucleosome acidic patch is a common binding target of many chromatin-associated proteins, it has not been previously shown to be important for FACT binding to histone H2A and H2B. In this study, we show that specific residues in the nucleosome acidic patch (i.e., H2B L109 and H2A E57) are important for FACT binding to free H2A and H2B in yeast. We further show that acidic patch residues are important for histone occupancy in yeast, which in the case of H2B L109 could be due to its importance in FACT-histone interactions during nucleosome assembly.
The initial goal of this study was to characterize the functions of the four essential residues in yeast H2A and H2B (H2A Y58, E62, D91, and H2B L109), which are all located in the nucleosome acidic patch. Our data indicated that essential acidic patch residues are required for normal histone occupancy at a variety of genomic loci in yeast, even though these residues are located on the solvent-exposed nucleosome surface, and thus are unlikely to affect nucleosome stability. Our in-vitro studies indicated that the H2B L109 mutant does not significantly affect intrinsic nucleosome stability; similarly, a previous study has shown that histones lacking charged acidic patch residues (H2A E61A, E64A, D90A, and E92A in Xenopus) can form stable nucleosomes in vitro (Kim et al. 2015) . Instead, our data indicate that H2B L109 is important for binding of the H2A-H2B dimer to FACT in vivo. While a defect in FACT binding could explain the decrease in histone occupancy observed for the H2B L109A mutant, it cannot explain the histone occupancy defects observed for the H2A D91A mutant, as this acidic patch residue does not affect histone binding to FACT or Nap1. We hypothesize that H2A D91 and potentially other essential acidic patch residues may be important for binding other chromatin assembly factor(s).
We show that a second acidic patch residue, H2A E57, is also important for FACT binding. Previously, it was reported that H2A E57 is important for histone occupancy and FACT recruitment at a number of loci in yeast (Cucinotta et al. 2015) , although the mechanism underlying these effects was unclear. Our data indicate that H2A E57 (and H2B L109) are important for FACT to bind free H2A-H2B dimers in vivo. These data are supported by genetic evidence in yeast indicating that mutants in H2A E57 share a number of phenotypes with Spt16 and Pob3 mutants, including HU sensitivity and FLO8 cryptic transcription. Notably, we found that the effects of H2A E57A on FACT binding were similar in magnitude as a mutant in H2B M62. In-vitro studies have shown that H2B M62 is directly involved in binding the Spt16 C-terminal tail and abolishes FACT binding to H2A and H2B when mutated to glutamic acid (Kemble et al. 2015) . However, our co-IP data indicate there is still considerable FACT binding to the H2B M62E mutant dimers in yeast in the absence of competing WT histones ( Figure  S6 in File S1). This observation can explain why the H2B M62E mutant is viable and grows normally, unlike spt16-or pob3-deletion mutants in yeast.
While our data indicate that some acidic patch residues were important for binding to FACT, none of the acidic patch residues tested was important for Nap1 binding to H2A and H2B. This is consistent with a recent crystal structure of Nap1 bound to H2A and H2B, as the H2A-H2B acidic patch is located distally from the Nap1-histone binding interface (Aguilar-Gurrieri et al. 2016) . In contrast, H2A R77 in Xenopus The H2A E57A H2B M62E double mutant is lethal in yeast. WT or mutant histone genes are present on a LEU2 plasmid, and WT histone genes are on a URA3 plasmid that is shuffled out by 5-FOA selection. (D) Model of FACT binding to the H2A-H2B dimer. Our data suggest that FACT may target both a small hydrophobic patch near the DNA-binding interface that is comprised of H2B M62 and Y45 residues (highlighted blue) and residues H2A E57 and H2B L109 in the acidic patch (highlighted red). H2A-H2B structure was visualized from pdbID#1ID3 using PyMOL.
(corresponding to H2A R78 in yeast) is located at the Nap1-histone binding interface, which can explain our data showing that the H2A R78A mutant causes a significant decrease in histone binding to Nap1 in vivo. These and other data indicate that Nap1 and FACT bind the H2A-H2B dimer through distinct binding interfaces.
In summary, our data indicate that residues in the histone acidic patch are important for normal histone occupancy in yeast, which may in part explain why they are essential for cell viability. This result is unexpected, as acidic patch residues have not previously linked to nucleosome assembly and do not appear to affect intrinsic nucleosome stability. Instead, we show that two acidic patch residues, H2B L109 and H2A E57, are important for binding of H2A-H2B dimers to the FACT histone chaperone in yeast. These findings suggest that FACT not only binds the small hydrophobic pocket comprised of H2B M62 and Y45, as has been previously reported (Kemble et al. 2015) , but may also bind to residues in the histone acidic patch ( Figure 5D ). In support of this model, we show that an H2B M62E and H2A E57A double mutant, which eliminates both potential FACT binding sites, has a lethal phenotype in yeast, similar to spt16-or pob3-deletion mutants. While our co-IP and genetic data are consistent with this model, future studies will be required to test whether FACT directly binds to residues in the histone acidic patch or if acidic patch mutants affect FACT binding indirectly (e.g., by altering histone post-translational modifications or other chromatin-binding factors).
